Introduction
The importance of development for modern evolutionary biology was not fully recognized until the late 20th century because it was left out of the 'Modern Synthesis', even though its significance as a central mechanism of transformation and generation of biodiversity had been postulated in the mid-19th century (Friedman and Diggle, 2011) . Evolutionary developmental biology (evo-devo) arises from a fusion of different scientific fields such as embryology, taxonomy, morphology, anatomy, and developmental genetics to explain various aspects of the historical origin of different morphological traits. The contemporary field of evo-devo has incorporated molecular biology tools and has been behind the fundamental finding that relatively small gene modifications can produce major phenotypic shifts (García-Bellido and Robbins, 1983; Á lvarez-Buylla et al., 2010b) .
Lacandonia schismatica (Lacandoniaceae) is a mycoheterotrophic monocotyledonous plant with hermaphroditic homeotic reproductive axes; alone among 250 000 species of angiosperms, it has central stamens surrounded by a peripheral gynoecium . This outstanding feature of the reproductive axes of L. schismatica has been regarded as a natural homeotic mutant that is fixed in natural populations (Vergara-Silva et al., 2003) . It has been shown that relatively simple genetic alterations may underlie this large morphological shift fixed in natural populations of extant plant taxa (Alvarez-Buylla et al., 2010b) . Critical issues related to the molecular genetics and evolution of L. schismatica flower development and morphology include: which changes in the underlying Gene Regulatory Network (GRN) controlling flower morphogenesis enabled the emergence of this plant's singular floral phenotype? What is the identity of the reproductive axes of this species? Additional questions that remain to be addressed in order to have a full and sufficient explanation of the molecular genetic mechanisms underlying L. schismatica's unique floral arrangement are indicated. Finally, the question of whether an understanding of the particular modifications present in L. schismatica at the functional/ genetic levels can help expand our view of the mechanisms and processes implicated in flower and plant evo-devo is also addressed.
The homeotic flowers of Lacandonia schismatica constitute a morphological saltation.
Flower structure and reproductive biology of L. schismatica
The flower is one of the defining structures of angiosperms and it is essential for their reproduction. Still, its origin and the rapid radiation of this group of plants are currently unresolved mysteries. Angiosperms include the early or basal angiosperms (ANITA grade and the magnoliids), the monocots, and the eudicots. The eudicots comprise about 75% of the angiosperm species known to science and have relatively standard flowers consisting of four different organs arranged in whorls: sepals, petals, stamens (androecium), and carpels (gynoecium; from the outermost to the innermost whorl; see Fig. 1 ). By contrast, L. schismatica has three floral whorls with a heterotopic arrangement of carpels and stamens . The androecium with three anthers (occasionally four) is located in the centre of the flower and surrounded by the gynoecium that is occupied by numerous (60 to 80) apocarpous carpels (Fig. 1) . Each carpel has a sessile, anatropous, bitegmic, and basal ovule Márquez-Guzmán et al., 1989; Vázquez-Santana et al., 1998) . The outermost whorl is occupied by a basally fused perianth comprised of six tepals on average. Thus, to Variations of the ABC model of floral organ development in monocots, in contrast with the canonical model proposed for Arabidopsis. Some monocots such as Tradescantia (Commelinaceae) share the same underlying genetic regulation of B genes as Arabidopsis, while the tulip (Tulipa) conforms to the 'shifting boundaries ABC model' where B function has expanded to the first whorl and petaloid tepals develop. By contrast, the floral plan in Lacandonia differs from all other angiosperms in having the B function displaced to the centre of the floral meristem (rendering an ACB model), where central stamens develop. Green: sepals; purple: petals; yellow: stamens; red: carpels. date, this is the only bisexual angiosperm species with central stamens surrounded by carpels.
Since the L. schismatica flower is cleistogamous, that is, it self fertilizes before anthesis, it does not require pollinators for its reproduction and anthesis becomes relevant only for fruit dehiscence and dispersal. The unit of dispersal is a unicarpellate one-seeded indehiscent fruit (achene); the maturation of these fruits within a single flower is synchronous and each seed has an immature embryo when it dehisces from the receptacle (Vázquez-Santana et al., 1998) . This autogamic fertilization mode, together with the fact that the inflorescences from this species are commonly located below organic litter, may explain the lack of genetic variation found in one of the populations of L. schismatica that was studied through isozyme variation (Coello et al., 1993) .
L. schismatica reproductive structures are true flowers
While L. schismatica is currently in its own family (Lacandoniaceae; Martínez and Ramos, 1989) , there is strong evidence that suggests that this species is part of the Triuridaceae family. It shares with all Triuridaceae species a mycoheterotrophic achlorophyllous perennial herbaceous habit with reduced vegetative and reproductive parts (Maas and Rubsamen, 1986; Rubsamen-Weustenfeld, 1991; Leake, 1994) . Due to this reduction and peculiar floral structure, there have been several interpretations of the reproductive axes of L. schismatica (Stevens, 1991; Rudall, 2003) . Initially, it was proposed that L. schismatica had true flowers with a homeotic mutation fixed in natural populations . This interpretation was contended firstly on the grounds that the central stamens observed in L. schismatica could be a by-product of a secondary torsion event that would put the otherwise external stamens in the centre of the floral meristem (Stevens, 1991) .
Later, an alternative interpretation of the reproductive axes of L. schismatica was proposed, based on a phylogenetic analysis that established that the Triuridaceae was a sister family to Pandanaceae, a family with bona fide inflorescences (Chase et al., 2000; Rudall, 2003) . In this alternative interpretation, the reproductive axes of L. schismatica were reinterpreted as reduced inflorescences (pseudanthia) with distal male flowers (reduced to three single, naked stamens) and proximal female flowers (also reduced to single carpels), arranged in such a manner that they superficially resembled an inverted bisexual flower (Rudall, 2003) . This hypothesis was further supported by comparative morphological analysis of mature reproductive units of Pandanaceae, Triuridaceae, and other members of the order Pandanales (Rudall, 2003) . In subsequent studies, this hypothesis was refined, suggesting that triurid flowers should be interpreted either as inflorescences that have undergone an extensive process of compression and organ reduction or as reproductive axes where the flower and inflorescence meristem boundaries are not clear and yield a single reproductive structure, thus, rendering an ambiguous morphological identity (Rudall and Bateman, 2006; Rudall, 2008) .
In parallel, the identity of the reproductive axes of two species of Triuridaceae was addressed with a comparative developmental series of the reproductive structures of L. schismatica and Triuris brevistylis. Our evidence supported the interpretation that the reproductive axes of L. schismatica are true flowers (euanthia; Ambrose et al., 2006) . Some of the key features that supported our euanthial interpretation are: (i) the enclosed floral buds arise from the flanks of clearly distinguishable naked inflorescence meristems; (ii) each floral meristem is enclosed by a bract that is located opposite to the site where the first tepal arises; (iii) the temporal order of organ development is as follows: perianth organs develop first (in the outermost whorl), followed by stamens (in the centre of the floral meristem) and lastly the carpels develop (in the whorl between the tepals and the stamens); (iv) there was no evidence of aborted floral organs or mechanical shifts of organs during development, (v) stamens and carpels arise from compound primordia that are characteristic of flowers, and (vi) the organs of L. schismatica have a trimerous arrangement (i.e. three elements or its multiples in the different floral organs), which is a unifying trait in monocot flowers. Although the latter is also true in some inflorescences, all six characteristics together strongly suggest the reproductive axes of L. schismatica and T. brevistylis are true flowers (Ambrose et al., 2006) . Hence, the inside-out flower of L. schismatica, as a case of a morphological saltation (i.e. a homeosis), has been analysed in the context of flower angiosperm evolution.
Molecular genetic mechanisms of the inside-out flower in Lacandonia schismatica: the ABCs and beyond
The ABC model of flower development and the
MADS-box genes
In the late 1980s, the study of floral homeotic mutants of Antirrhinum majus and Arabidopsis thaliana (Arabidopsis) lead to the now classical ABC model of floral organ determination (Bowman et al., 1989; Coen and Meyerowitz, 1991) . The homeotic mutations used to postulate this model were categorized in three different classes: in the A class mutants, sepals are replaced by carpels in the first whorl and petals are replaced by stamens in the second whorl; B class mutants have sepals instead of petals in the second whorl and carpels instead of stamens in the third whorl while C class mutants have petals in place of stamens and sepals in place of carpels, in addition, they are indeterminate, generating a flower within a flower (Bowman et al., 1989) . Based on these mutants, the ABC model postulates that: the A genes are necessary to specify sepals; A plus B genes to specify petals; B and C genes to specify stamens, while the C genes alone are necessary to specify carpels. In addition, A and C genes act in an antagonistic fashion, repressing each other in the whorls where they function (Coen and Meyerowitz, 1991;  Fig. 1 ). The genes responsible for these When ABC becomes ACB | 2379 phenotypes were cloned and it was shown that all of them encoded transcription factors and that four out of five belonged to the MADS-box transcription family (MADS box Type II genes with a plant-specific MIKC protein structure) while the non-MADS-box gene (AP2) is part of the AP2/ERF transcription factor family. In Arabidopsis, class A genes are named APETALA1 (AP1) and APE-TALA2 (AP2); class B genes are APETALA3 (AP3) and PISTILLATA (PI), and the class C gene is AGAMOUS (AG).
In 2001 it was shown that the ABC genes were necessary but not sufficient to transform leaves into floral organs, and that other MADS-box genes called SEPALLATA (SEP), genes were also required as a sep1/sep2/sep3/sep4 quadruple mutant produced floral structures with leaf-like organs in all whorls (Honma and Goto, 2001; Pelaz et al., 2001; Robles and Pelaz, 2005) .
Since its proposal, the ABC model (Coen and Meyerowitz, 1991) , has been instrumental in establishing a link between developmental genetics and evolutionary studies of flower development, as it provided a straightforward framework for comparison of expression patterns of orthologous genes that could potentially determine peculiar floral or inflorescence features in specific taxa ( Fig. 1 ; Table 1 ). With regard to the role of B genes in floral specification, the perianth is a structure that has received much attention, especially regarding the petaloid organs present in many flowering plants. The emphasis on this structure and not other floral organs is based on two issues: firstly, the perianth is thought to have evolved several times independently in different angiosperm groups and thus, this structure is particularly informative of the evolutionary processes occurring in angiosperm evolution. Secondly, this structure is important for pollinator attraction in many lineages and, as such, it has been considered of nodal importance to elucidate the process of angiosperm adaptive radiation (Irish, 2009) . Furthermore, the role of the A class genes in specifying sepal development has not been observed in many flowering plants other than Arabidopsis; analyses of AP1 and AP2 orthologues in other species have shown expression patterns that differ from those predicted by the ABC model (Soltis et al., 2007) , although both genes play a fundamental role in floral meristem determination. On the other hand, the C (and derived D) class genes have been found to be broadly conserved, and thus are generally regarded as less informative from a phylogenetic point of view (Irish, 2009 ). These considerations have made the B class genes good candidates to undertake comparative developmental and lineage evolution studies in angiosperms (Irish, 2009 ).
The function of the B genes in monocotyledons and the exceptions to the ABC model in monocot flower development Class B genes (AP3 and PI) characterized in Arabidopsis are both required to specify stamens and petals: the ap3 and pi single mutants have homeotic transformation of both petals and stamens into sepals and carpels, respectively (Bowman et al., 1989; Jack et al., 1992) . A number of publications analysing different basal angiosperms, non-model eudicot, and monocot species have appeared in recent years, with important implications on the applicability and variation of the ABC model in members of this latter group Mondragón-Palomino and Theißen, 2009) .
Monocots comprise a diverse group of plants that incorporate some 'petaloid' species (such as those present in the Commelinids, Alismatales, and Orchidaceae, among others) which can have a perianth structure composed by undifferentiated organs (tepals; for example, the tulip) to welldifferentiated sepal and petal whorls (Tradescantia reflexa, a commelinid; Ochiai et al., 2004;  Fig. 1 (Bartlett and Specht, 2010) .
Other monocots have a highly modified floral structure, such as the grasses (Poaceae; Whipple et al., 2004) . Several early studies of B gene expression in monocots showed that, in some grass species, the B-class genes were generally conserved with respect to Arabidopsis, determining stamen and petal identity (in the case of maize, the second whorl organs, the lodicules, have been homologized to petals; Whipple et al., 2004) . On the other hand, other studies found that AP3 and PI orthologues are broadly expressed in all whorls during the early flower development of monocots such as orchids (Chung et al., 1994; Xu et al., 2006; Kanno et al., 2007;  Table 1 ). These observations supported a proposition that the formation of petaloid-tepals in the first and second whorls of some non-grass monocot species or petaloid-sepals in two dicot species, was due to the expansion of the B genes expression domain into the first whorl . Thus, in those monocots where B-class genes are expressed in the first whorl, a modified 'shifting boundaries' ABC model has been proposed (Bowman, 1997; Kanno et al., 2007) .
An additional finding that has complicated the elucidation of B-class gene function in plants other than Arabidopsis, is the fact that several duplications within the AP3 and PI genes have taken place throughout the angiosperms (Kim et al., 2004; Hernández-Hernández et al., 2007; Mondragó nPalomino et al., 2009) . Such duplications could have an important evolutionary effect, as duplicated genes can be subject to differential selective pressures, enabling the acquisition of new functions via subfunctionalization (a restriction in the domain of expression of the paralogues compared with what has been documented in a functionally homologous single copy gene) and/or neofunctionalization, (through either a shift of the domain of expression into another whorl or organ, or acquiring a new function relative to its paralogous gene; Vandenbussche et al., 2004) .
All of the examples listed so far are consistent with a ''shifting boundaries'' ABC model; however, there are some examples in monocot species with floral phenotypes and B expression patterns that do not fit this modified model (Table 1) . Some of these contradictions could be explained by the existence of additional duplicates of each of the Table 1 . Expression pattern of B (DEF/AP3 and GLO/PI) and C (PLE/AG) genes of several monocot plant species Grey colour boxes represent gene expression patterns (mRNA) in different floral whorls (W) of each species included in the table. Light grey boxes indicate a lower gene expression than dark grey. Boxes with hatched lines represent the whorl(s) where B function is present. B function is predicted from the observed flower morphology, i.e. the presence of petaloid perianth organs or stamens and stamen derivatives such as the columella in orchids and labellum in Zingiberaceae and Costaceae. The dimerization pattern between the B genes of the same species is shown in column Ho/He. Ho, homodimerization; He, heterodimerization. (a) Expression of B genes without B function; (b) B function without B gene expression, as inferred from the phenotype; (c) No expression data for these PI orthologues in the second whorl are available but functional studies using antisense lines indicate that these genes participate in lodicule development (Kang et al., 1998) ; (d) Inferred expression based on the observed expression of these B genes in adjacent whorls. OT, outer tepal; IT, inner tepal; Te, tepal; St, stamen; Ca:, carpel; Le/Pa, lemma/palea; Lo, lodicules; col, column; pol, pollinia; N/A, Not Analyzed.
When ABC becomes ACB | 2381 Stellari et al., 2004) . Other explanation of these 'rare' phenotypes would be the existence of post-transcriptional regulation on these genes and/or the absence of the protein of one or both B genes. Historically, it was assumed that the MADS genes exerted their function in the places where their mRNA was expressed, however, this is not always the case (Tzeng and Yang, 2001 ; Table 1 ). For instance, in Arabidopsis, PI is expressed in all three inner whorls, while AP3 is expressed only in the precursor cells of petals and stamens (Jack et al., 1992) but it has been inferred that AP3 is also present in the first whorl, as plants that overexpress PI, show a conversion of sepals into sepals/petals organs (Krizek and Meyerowitz, 1996) . Nonetheless, B proteins coincide only in whorls two and three, where they form a functional heterodimer and exert the B function (Krizek and Meyerowitz, 1996; Riechmann et al., 1996) . Thus, in the case of the monocots, in order to clarify the molecular mechanisms that have led to the appearance of whorls with mixed or novel characteristics, more studies that address the in vivo localization of B class MADS proteins, as well as their functionality in heterologous systems, are needed. In addition, in contrast to eudicot plants, B proteins from some monocots can bind CArG boxes as homodimers (Table 1) although it is not known if such homodimers are able to perform the B function.
It is important to note, however, that, with the exception of L. schismatica, the divergences documented to date have never been associated with a homeotic inversion on the position of stamens and carpels caused by a displacement of the B function to the flower centre (Kramer and Irish, 1999; Kanno et al., 2003; Vandenbussche et al., 2004; Rijpkema et al., 2006; Xu et al., 2006) .
Higher order MADS protein complex formation
The experiments reported by Riechmann et al. (1996) and Egea-Cortines et al. (1999) in Arabidopsis and Antirrhinum majus, respectively, demonstrated that MADS proteins could only bind to DNA (CArG boxes) as dimers. Moreover, it was shown that these transcription factors are able to form tetramers with a stronger interaction to DNA When ABC becomes ACB | 2383 that the one observed for dimers (Egea-Cortines et al., 1999) ; this observation was later confirmed and generalized by Theissen (2001) in the 'Quartet model'. Currently, it is accepted that MADS-domain transcription factors regulate specific sets of target genes through the formation of dimers and multimeric protein complexes that bind to DNA and activate or repress their targets. The 'Quartet model' proposes that MADS domain proteins form whorl-specific tetrameric complexes during floral organ determination (Theissen, 2001; Theissen and Saedler, 2001; Becker and Theissen, 2003; Jack, 2004; Melzer and Theissen, 2009; Fig. 2) . Within each transcriptional complex, there would be two MADS dimers; one of these dimers could function as the activation domain of the tetramer (Honma and Goto, 2001) . Each of these dimers, would bind to a single CArGbinding site causing the DNA of the promoter region to bend, enabling the MADS dimers to act co-operatively in a tetrameric complex to regulate the target gene (Honma and Goto, 2001) .
Interestingly, several dimers and potential tetramers have been documented in the complete Arabidopsis MADS-box type II family protein-protein interactome, using the yeast two-hybrid system (Y2H; de Folter et al., 2005) . This database has been updated with a yeast three-hybrid (Y3H) screen for MADS-domain proteins (Immink et al., 2009) using SEP3 as the third interactor. Furthermore, the protein interaction between SEP3, AP3, and PI and the formation of 'quartets' has been corroborated in vitro (Melzer and Theissen, 2009) , while, to date, approximately 20 potential higher-order complexes involving Arabidopsis MADS box proteins have been reported in a heterologous in vivo system (Immink et al., 2009 ). In the case of SEP3, it has been shown that this protein functions not only as an overall regulator of floral meristem development, activating B and C genes, but can also form ternary complexes with AP3 and PI in planta and co-localizes these proteins to the cell nucleus (Immink et al., 2009) . These qualities, plus the fact that the SEP3 protein contains four different motifs in the carboxy-terminal which are known to function as transcription activation domains, have led some authors to suggest that SEP3 can function as the 'glue' in MADS-box protein interactions and regulation (Immink et al., 2009) , at least for the ternary complex of AP3-PI-SEP3 (Honma and Goto, 2001) . The constitutive expression of these three proteins is sufficient to convert leaves into petals (Honma and Goto, 2001; Pelaz et al., 2001) in contrast with the constitutive overexpression of AP3 and PI fused to the VP16 transactivation domain, that does not show such conversion (Immink et al., 2009) , although this dimer can bind to the AP3 promoter . These results suggest that the SEP3 protein is more than a trans-activator and is probably needed for petal development (Immink et al., (Jack et al., 1992; Goto and Meyerowitz, 1994) . Right panel: protein tetramer involved in B function in L. schismatica, based on Y3H assays (Á lvarez-Buylla et al., 2010b); LsAG is included in the protein complex [as there is no case where stamens can be specified without the action of the C gene (AG)] although this interaction has not been corroborated experimentally. Below are the documented in situ domains of expression of LsAP3 and LsPI at stage 4 (stage categorization was based on morphological traits) in a L. schismatica floral meristem. (B) On the left side is a representation of the protein complexes and phenotypes of the B mutants pi-1 and ap3-3, where only sepals and carpels develop. On the right side is the observed phenotype and putative protein complexes formed in the complementation lines of 35S::LsPI, pi-1, and 35S::LsAP3, ap3-3, respectively. LsPI has a relatively more conserved function with respect to PI in Arabidopsis, as it rescues both petals and stamens, while LsAP3 only rescues stamens. Based on our results from Y3H assays, the latter could be due to a competitive effect of a SEP3/LsAP3/AP3 or a SEP3/LsAP3/LsAP3 protein complex that effectively sequesters part of the available LsAP3 protein in the floral meristem (the dominant tetramer shown larger in the figure), leaving less LsAP3 available for heterodimerization with PI and thus form the expected protein tetramers that exert B function in Arabidopsis.
2009). It will be instrumental to study the protein interactions of SEP3 with other MADS-box proteins in monocots, in order to elucidate their role in the particular expression patterns previously documented for different AP3 paralogues (Table 1) and to evaluate if a variable copy number of SEP genes is present in different species and has a functional impact on the construction of different floral morphologies in this plant lineage.
Molecular genetic data on L. schismatica floral development
Based on the ABC model of flower organ determination (Coen and Meyerowitz, 1991) , it is proposed that the homeotic inversion of stamens and carpels in L. schismatica could be explained by the shift of the B function to the flower centre (Vergara-Silva et al., 2003) . Indeed, in a recent paper, it has been shown that the expression of LsAP3, essential for stamen identity, has been displaced toward the flower centre in L. schismatica from the very early stages of development until stamen development is almost fully completed. LsAP3 is absent in sections of the compound primordia that will give way to carpels (Á lvarez-Buylla et al., 2010b) in contrast to LsPI gene expression which is observed in both the carpel and stamen whorls, as it occurs in Arabidopsis. These results imply that the dimer necessary for B function can only be formed in the L. schismatica flower centre, where stamens develop. It was also found that C class gene function, AG, is expressed in the third and fourth whorls of the developing flower primordia. Thus, B plus C genes expression only coexists in the region where stamen primordia develop in the centre of L. schismatica flowers (Á lvarez-Buylla et al., 2010b).
The A-class genes remain to be investigated in L. schismatica, however, it is clear that the expression domains of the B and C genes documented for the flowers of this plant, suggest that the classical ABC model of floral organ determination is effectively switched to a unique ACB model (Á lvarez-Buylla et al., 2010b) .
To evaluate the functional conservation between the B-function genes of L. schismatica and Arabidopsis further, complementation assays were performed generating overexpression lines of LsAP3 and LsPI in wild-type and mutant ap3-3 and pi-1 Arabidopsis lines, respectively. It was found that the B genes from L. schismatica were able to rescue stamens in these mutants (Á lvarez-Buylla et al., 2010b). As documented for other monocot species (Xu et al., 2006) , LsAP3 complementation of the Arabidopsis ap3-3 mutant lines could recover stamens but not petals and the degree of complementation was lower than that of LsPI in Arabidopsis pi-1 mutants, where similar gain-offunction phenotypes to those of 35S::AtPI in Arabidopsis were observed (Jack et al., 1994; Krizek and Meyerowitz, 1996 ; Á lvarez-Buylla et al., 2010b; Fig. 2 ). In addition, complementation lines overexpressing both LsPI and LsAP3 in a double mutant background ap3-3 pi-1, showed similar phenotypes to those of plants ectopically overexpressing LsPI, where only sepals were converted into petals, suggesting that proper LsAP3 function may need the formation of multimers with native L. schismatica proteins (Honma and Goto, 2001; Á lvarez-Buylla et al., 2010b) .
Higher order MADS-box protein complex formation in L. schismatica
The B-class proteins function as obligate heterodimers to bind to DNA in core eudicots and some monocots such as maize (Zea mays) (Davies et al., 1996; Riechmann et al., 1996; Egea-Cortines et al., 1999; Whipple et al., 2004; Immink et al., 2010) , while in gymnosperms and other monocots these proteins are able to bind DNA as homodimers, at least in vitro (Winter et al., 2002; Kanno et al., 2003; Tzeng et al., 2004; Tsai et al., 2008) . In two-hybrid assays using LsPI and LsAP3 from L. schismatica, it was found that B-function proteins were able to form a complex only when SEP3 was introduced and were not able to homodimerize as previously reported for other monocots (Xu et al., 2006) . Facultative heterodimerization of LsAP3 and LsPI proteins was also found with AP3 and PI proteins of Arabidopsis, which explains the capacity of LsAP3 and LsPI to complement the ap3-3 and pi-1 mutants in vivo (Alvarez-Buylla et al., 2010b; Fig. 2 ). Moreover, it was observed that Lacandonia B proteins were able to form dimers with their Arabidopsis orthologue, as well as homodimers with themselves, with the particularity that the AP3 interactions are stronger than those of PI (all of these dimers were found in the presence of SEP3). These data suggest that the formation of an LsAP3/AtAP3/AtSEP3 complex in planta could compete with the functional LsAP3/ AtPI/AtSEP3 heterodimeric complex, explaining why the Arabidopsis ap3-3 lines were not complemented as well as those of pi-1 (Á lvarez-Buylla et al., 2010b, Fig. 2 ).
In addition, these results suggest that SEP3 is fundamental for the formation and functioning of the LsAP3/LsPI dimer. As previously mentioned, the SEP3 protein in Arabidopsis is a key factor for the co-localization of AP3 and PI proteins to the cell nucleus and can induce ectopic B and C gene expression when ectopically expressed (Castillejo et al., 2005) . SEP3 binds to the AP3 promoter, enhancing its expression, although loss-of-function mutants of SEP3 do not seem to affect stamen formation significantly (but petals are lacking; Kaufmann et al., 2009) , perhaps due to redundancy with the other SEP genes (Kaufmann et al., 2009 ). It will be useful to analyse the spatio-temporal expression patterns and protein interactions of putative L. schismatica SEP3 orthologue(s), as this protein may be fundamental in understanding the molecular basis of the unique expression pattern of LsAP3 during flower development and its unique inside-out flower arrangement.
Alterations of cis versus trans factors in the regulation of B genes underlying the inside-out flower of L. schismatica Changes in cis involve particular mutations in promoter and other regulatory sequences like introns, which could affect the binding affinities of transcription factors that regulate the expression of LsAP3 (Fig. 3A) . In plants, comparative studies using phylogenetic footprinting of the type to be undertaken in LsAP3-like promoters have shown that the particular inputs of cis-motifs can be dissected by comparing promoter or intron sequences of developmentally relevant genes of closely related species (Hong et al., 2003; Lee et al., 2005) . For instance, comparisons of 5# upstream regulatory regions between Arabidopsis, Lepidium, and Brassica of the transcription factor CRABS CLAW (CRC), showed conserved modules that have both positive and negative regulatory elements. It is of note that each particular motif has the ability to drive reporter gene expression in specific sites, as if the overall summation of inputs gave rise to the complete wild-type expression profile . In a related paper, the comparison of the second intron of AG among 29 species of Brassica allowed the dissection of two conserved binding sites for WUS and LFY; furthermore, these sites seem to be specific to the Brassicales (Hong et al., 2003) . The upstream and intronic regulatory sequences of L. schismatica and T. brevistylis AP3 orthologues are currently being characterized in order to compare putative regulatory regions of these genes to previously characterized regions from other angiosperm AP3 orthologues.
In a conceptually connected but still alternative explanation, divergences in the types, interactions or binding capacities of trans activating factors could also render the atypical expression pattern of LsAP3 (Fig. 3B ). Under such a scenario, alternative compositions of MADS-domain protein tetramers could have different affinities for specific regulatory sequences in the LsAP3 transcriptional regulatory regions. In addition, proteins forming those complexes could also have experienced spatial or temporal modifications in their expression domains. One such floral regulatory gene that could be concomitantly affected with a change in the LFY domain of expression could be UFO (UNUSUAL FLORAL ORGANS), an F-box protein that in Arabidopsis, is a necessary cofactor of LFY required to activate AP3 expression in the primordia of floral whorls 2 and 3 of this plant (Lee et al., 1997) . This is achieved by a physical interaction between LFY and UFO in a complex that binds directly to the AP3 promoter, seemingly tagging an as yet unknown AP3 repressor for degradation or favoring a rapid turnover of LFY that could enhance its transcriptional activity (Lee et al., 1997; Chae et al., 2008) . It is proposed that the displacement of LsAP3 towards the centre of the flower meristem of L. schismatica could be related to UFO remaining in the central whorl of this flower during a longer period of its development, resembling the pattern of UFO observed during early Arabidopsis flower development and thus, effectively biasing where LsAP3 can ultimately be expressed ( Fig. 2A) . This would imply that the homeotic phenotype of L. schismatica could be due to a neotenic expression pattern of UFO, compared with that observed in Arabidopsis. Furthermore, the fact that UFO orthologues from other angiosperms show divergent expression patterns, suggests that alterations in the domain of expression of UFO could be involved in the inversion of stamens and carpels in L. schismatica (Souer et al., 2008) .
It is important to note, as well, that with respect to MADS-box genes, the SQUAMOSA-like FRUITFUL Fig. 3 . Putative cis and trans regulation mechanisms involved in the central expression of LsAP3. (A) Regions of the LsAP3 promoter that could have been subject to nucleotide changes that affect the LsAP3 domain of expression, as compared with the documented functional modules of the Arabidopsis AP3 promoter (Tilly et al., 1998) , are presented in red hatched squares. (B) A scheme of functional experiments to unravel the regulatory mechanisms of LsAP3: in cis regulation, critical motifs in the promoter of LsAP3 direct the expression to the centre of the flower. In trans regulation, LsAP3 could be displaced to the centre of the meristem due to a 'pre-pattern' determined by trans-regulator factors, such as LsUFO. In both cases it is expected that a flower with central stamens will be recovered.
(FUL), and AP3 seem to have the greatest degree of conservation in their promoter sequences, at least between poplar and Arabidopsis (De Bodt et al., 2006) . Whether this responds to a particular developmental or historical constraint is yet to be tested. Overall, the structure of the promoters of AP3 in angiosperms should be related to the following factors: initial recognition by UFO and LFY and later-developmental state recognition by the AP3-PI heterodimer (coupled with AP1/SEP3 in whorl 2 and AG/ SEP3 in whorl 3; Fig. 3 ) which keeps the AP3 active in a positive feedback loop. Furthermore, it was recently shown that SEP3 is an activator of AP1, AP3, AG, and SEP genes (Immink et al., 2009 ; see section 'Higher order of MADS box function'). Molecular techniques such as Yeast One Hybrid analysis that allow identification of proteins interacting with a specific DNA sequence, or ChiP-SEQ, that allow identification of DNA sequences to which transcription factors bind, should be used once the LsAP3 promoter and genetic sequences are characterized in order to dissect the genetic basis of the inside-out floral phenotype of L. schismatica further.
Evolutionary developmental biology of Lacandonia schismatica
Why is L. schismatica so interesting from an evo-devo perspective?
L. schismatica dazzled botanists and developmental geneticists due to the possession of its unique 'inside-out' bisexual flowers. Aside from being a botanical rarity, it was also a unique case where a 'hopeful monster' (a species with a radical and discrete change in the position of its floral organs) had survived and established as a species in the wild. This case proves that organisms that were subject to extreme and discontinuous changes, instead of continuous, cumulative, and gradual changes, as assumed by the current theory of evolution, could and did exist in nature; this supports Richard Goldschmidt's theory of what we would now call a biological saltation (Dietrich, 2000) . Furthermore, this particular heterotopy (central stamens surrounded by carpels) has not been re-created in the laboratory either in Arabidopsis mutants (Á lvarezBuylla et al., 2010b; see section on Molecular genetic mechanisms') or in spontaneous mutants in Arabidopsis and other plant species. Thus, to the best of our knowledge, no simple homeotic mutant reported to date, regardless of the model system employed or the gene family involved has been able to mimic this particular change in the position of the reproductive organs of a bisexual flower.
Given these observations, a series of questions that need to be addressed in a comparative evolutionary framework, arise. For instance, the scientific debate regarding the euanthial or pseudanthial origin of the flowers of L. schismatica that has been addressed through morphological and genetic analyses (see sections, 'L. schismatica reproductive structures are true flowers' and 'Molecular genetic data on L. schismatica floral development'), can also be addressed from an evolutionary comparative perspective in terms of the number of character changes required to achieve the reproductive structures of L. schismatica if these are considered flowers or inflorescences. In addition, one could address if the unique floral phenotype recorded in L. schismatica is indeed a discrete morphological saltation, or a continuum of intermediate floral morphs that can be found in natural populations. Furthermore, microevolutionary and phylogeographic analyses both within L. schismatica and closely related Triuridaceae (Chase et al., 2000 , Chase, 2004 Rudall and Bateman, 2006) , could be used to distinguish between the alternative evolutionary scenarios and the role of different evolutionary forces in the origin of this species and its unique floral structure. Lastly, investigating the gene expression patterns and molecular evolution of the B and C class genes in several triurid species, as well as other relevant genetic members and the dynamics of the underlying GRNs, will most likely shed light on the genetic configurations necessary for the inception of central stamens in L. schismatica (Á lvarez-Buylla et al., 2010a, Barrio et al., 2010) .
Floral structure variation in natural populations of L. schismatica: phylogeographic and morphogenetic hypotheses on the origin of this taxon An exhaustive analysis of over 1000 inflorescences of L. schismatica, found that 98% of the flowers studied had central stamens and peripheral carpels, that is, the majority of flowers complied with the heterotypic arrangement described originally by Martínez and Ramos (1989) . Furthermore, of the remaining 2% of flowers with a different sexual organ organization, these were either unisexual or bisexual with varying numbers of stamens (different from the three stamens which are typically present) and carpels. Bisexual flowers with central carpels and lateral stamens were never recorded (Vergara-Silva et al., 2003) .
In this same study, the flowers of another dioecious Triuridaceae species that grows in the Lacandon rainforest (Triuris brevistylis) were also analysed. Of the approximately 1000 inflorescences studied, only 1% were male and 0.5% were bisexual, either monoic or with carpels and stamens in the same flower. In the latter, a wide range of variation regarding the position of the ectopic stamens and carpels in the receptacle or androphore was observed. Within the floral variants documented, only one bisexual flower with a central stamen arrangement was found (see Fig. 10 in Vergara-Silva et al., 2003) . Interestingly, no clear floral series going from unisexual to bisexual flowers could be organized either for L. schismatica or for T. brevistylis. Findings in these taxa led the authors (Vergara-Silva et al., 2003) to suggest that: (i) the homeotic phenotype was discrete and, thus, genetically controlled by one or a few mutations, and (ii) the genetic modules governing female and male sexual organ determination are independent.
While the reproductive mechanisms in T. brevistylis have not been fully studied, the fact that almost all carpels in a female flower develop into seeds despite the scarcity of male individuals is suggestive of apomixis and/or cryptic hermaphroditism in female flowers (the latter could lead to cleistogamy sensu L. schismatica). Apomixis has been suggested to occur in other Triuridaceae (Wirz, 1910, cited by Maas and Rubsamen, 1986) , while the possibility of cryptic hermaphroditism is supported by the observation of staminoid tissue embedded within female-like flowers, as well as carpeloid tissue in male-like flowers of T. brevistylis (Martínez and Gómez, 1994) .
The findings presented in the study by Vergara-Silva et al. (2003) also suggested that the predisposition to homeosis should have to be present in the ancestor of both taxa, which could be a dioecious Triuris-like species. The dioic nature of the putative ancestor of L. schismatica and T. brevistylis is supported by the fact that while the Triuridaceae are mostly monoecious, all known Triuris species are dioecious. Furthermore, in constrast to L. schismatica, which is endemic to the Lacandon rainforest, the Triuris genus has a larger distribution that spans several rainforests from Northeastern Brazil to Southeast Mexico but is exclusive of the American continent (Maas and Rubsamen, 1986) .
Under the above scenario, the ancestor of L. schismatica and T. brevistylis could have dwelled in the Lacandon rainforest during the last glaciation (c. 5 million years before present), occupying the rim of an ancestral lake that would overlap with the territory where extant L. schismatica and T. brevistylis occur. In that period, individuals from the putative ancestor species could have acquired the phenotype present in L. schismatica while others could keep the Triuris-like characteristics. At the end of this glacial period, when the ancestral lake retracted, the populations of L. schismatica could have established in the lower part of the rainforest, while the populations of T. brevistylis could have stayed in the upper, cooler part of the rainforest. Now separated, these triurids could have eventually differentiated and established as distinct species. This hypothesis is additionally supported by the fact that although L. schismatica populations occupy lower lands that are 6-8°C warmer than the sites where T. brevistylis dwell, the overall floristic composition of the sites where these two species live is quite similar (Vergara-Silva et al., 2003) . This hypothesis had been postulated based on the fact that the distribution of L. schismatica and T. brevistylis was thought to be restricted to the South of Mexico and to Central America (Lacandon rainforest and Guatemala), respectively. Now, recent evidence supports the presence of a new Lacandonia species (Lacandonia brasiliana) in the Atlantic Forest of Northeastern Brazil (Melo and Alves, 2012) . This new finding suggests an older origin for Lacandonia and opens new fascinating questions concerning the evolution of this genus. Comparative genetic, morphological and biogeographic analyses of other South American species of Triuridaceae, particularly those in the closely related Triurideae tribe (Peltophyllum, Triuris, Triuridopsis; Maas and Rubsamen, 1986; Maas-van der Kamer and Maas, 1994) will help unravel the evolutionary forces involved in the emergence and fixation of Lacandonia's unique insideout-flowers.
From a morphogenetic standpoint, a restriction of the B function (i.e., the overlaping expression of LsAP3 and LsPI) to the centre of the floral meristem in a female flower of a Triurideae-like ancestor could explain the central stamens observed in L. schismatica. This novelty could have been favoured and fixed in L. schismatica populations due to a selective advantage of hermaphrodites versus dioic individuals in a context where male flowers are scarce. Alternatively, a restriction of B-function to the flower centre of a male flower of the Triurideae-like ancestor can also explain the emergence of the L. schismatica flower structure. This last scenario would be simpler as B and C genes would already have been expressed in the floral meristem of a male flower, while in a female flower, reactivation of B-gene expression would have to occur in order to attain a L. schismatica-like flower structure. B and C gene in situ expression during flower development of male and female flowers of T. brevistylis are being investigated to address if B-gene expression is present in female flowers at the early stages, thus supporting the male-ancestor hypothesis.
Systematic approaches and morphological mapping L. schismatica was originally placed in its own familyLacandoniaceae-due to its singular homeotic flowers, as well as for its peculiar megagametophyte development . However, the available evidence-morphological, histological, developmental genetics, and systematic studies-strongly supports that L. schismatica may be considered a genus within the Triuridaceae. Thus, the position of Triuridaceae within the Pandanales order becomes important to unravel the macro evolutionary history of the lineage that led to the evolution of L. schismatica.
Triuridaceae is currently placed in the order Pandanales (APG III, 2009). The recent inclusion of this family within this order was based on molecular data (Chase et al., 2000) . Such grouping was unexpected given the divergent morphology of L. schismatica and Triuridaceae with respect to the Pandanales, which are, in turn, quite divergent morphologically. The families within Pandanales are: Cyclanthaceae, Pandanaceae, Stemonaceae, Triuridaceae, and Velloziaceae. All of these families, with the exception of the Triuridaceae, are autotrophic green plants and include families with palmlike resemblance and complex reduced inflorescences or pseudanthia (Cyclanthaceae and Pandanaceae), as well as a family amenable to a 'stereotypic' monocot bauplan (Velloziaceae) and a family with dimerous and pentamerous flowers, unique within monocots (Stemonaceae). The peculiarities of Triuridaceae have been addressed in the section on 'The homeotic flowers of L. schismatica', and many of them are probably associated with their heterotrophic (mycoheterotropic) habit.
Due to the extreme variation in morphology among members of this order, resolving the affinities of Triuridaceae within Pandanales is a challenge and implies the use of molecular as well as morphological traits. A resolved phylogenetic framework of Pandanales will be fundamental to perform comparative analysis and evaluate alternative hypotheses concerning the nature of the reproductive axes of L. schismatica. To date, several phylogenetic analyses have been undertaken. In these, while the members of this order have remained stable, the relationships among families have varied depending on the molecular marker used and the number of ingroup taxa sampled (Rudall and Bateman, 2006) . In the case of Triuridaceae, this family has been variously placed as sister to Pandanaceae (Chase et al., 2000) suggesting that the Triuridaceae reproductive units are pseudanthia. By contrast, other analyses place Triuridaceae as sister to Velloziaceae or sister to a clade composed by Stemonaceae, Cyclanthaceae, and Pandanaceae (Davis et al., 2004) . In a morphology-based analysis, Triuridaceae forms a paraphyletic group with Stemonaceae (Rudall and Bateman, 2006) .
Given these contrasting results, a combined molecular and morphological analysis is being completed to resolve these seemingly contradictory topologies (A Piñ eyro-Nelson et al., unpublished results). Furthermore, once a wellsupported phylogenetic reconstruction is attained, the information at hand will be interpretable within a strong historical, phylogenetic context, while the topology attained will be instrumental to map the putative character states in the most recent common ancestor of Pandanales and in the lineage that gave way to Triuridaceae. This exercise will enable the proposition of a transformation series that could aid in unravelling the evolutionary origin of the heterotopic flower of L. schismatica, as well as refining the position of this taxon within Triuridaceae, which could lead to a change in the taxonomic rank of L. schismatica from being an independent family to a genus within Triuridaceae or potentially, becoming Triuris schismatica.
Molecular evolution of B-class genes
The relevant genes involved in floral meristem determination, as well as carpel and stamen formation have been reviewed in the section on 'Molecular genetic mechanisms', where the available data for B and C genes in L. schismatica have also been described. The B-class genes have been amply investigated, as these are necessary for (petaloid) perianth formation, a structure that has played an important role in angiosperm diversification and speciation (Irish, 2009) . In recent years, a plethora of information regarding B-class genes cloned from non-model species-basal angiosperms, non-graminoid monocots, basal dicots, etc.-has been published. The in situ expression patterns of these genes has been evaluated for some angiosperm species, impelling modifications to the ABC model of floral organ determination, in order to fit the empirical observations for a given species or lineage (see the section on 'The function of the B genes in monocotyledons'). To our knowledge, the most extreme change in an expression pattern of an AP3 orthologue is the pattern reported for LsAP3 (Á lvarezBuylla et al., 2010b; see the section 'Molecular genetic data on L. schismatica floral development'; Table 1 ). Expression pattern data should ideally be coupled with functional experiments that can clarify if changes in the amino acid sequences of proteins originated from MADS-box genes impact the functionality of a protein in vitro (EMSA), in protein-protein interactions assessed in heterologous systems (Y2H/Y3H), or in planta (FRET), plus the individual analysis of differential substitution rates in particular amino acid residues along a given protein can shed light on sites that have been under selective pressures (Hernández-Hernández et al., 2007) .
Using methods that enable site and lineage specific substitution analyses, a study for the complete MADS-box Arabidopsis gene family (Martínez-Castilla and Á lvarezBuylla, 2003) , suggested that positive natural selection has been important in fixing certain residues within regions that codify for protein-protein interaction domains and at particular gene family lineages, notably those related to flowering control. Later, Hernández-Hernández et al. (2007) performed a molecular evolutionary analysis of all amino acid residues of B-class genes from gymnosperms (where only one B-like gene has been documented) and all major lineages of angiosperms. In this latter study, positive selection was detected in specific amino acid residues within the K domain, a protein domain that is important for MADS-box protein heterodimerization (Herná ndez-Herná ndez et al., 2007) . Interestingly, signals for positive selection were detected in particular evolutionary moments of the B genes across the angiosperm clade: after the duplication of the ancestral B-gene present in gymnosperms, which gave rise to the AP3 and PI lineages in angiosperms, and in the TM6 lineage, after the duplication of AP3 in the core eudicots (Hernández-Hernández et al., 2007) . This study was one of the first papers to perform a thorough analysis of substitution rates in B-class genes, providing important insights pertaining the evolution of these MADS-box genes in flowering plants. Nevertheless, it had a poor sampling of monocot B-class gene sequences/groups, where little analysis of the B-gene evolution among members of this lineage could be performed.
In recent years, many more monocot sequences and functional studies have become available, enabling an assessment of B-class gene evolution in this lineage. In monocots, not only specific duplications of AP3 and PI genes have occurred but also, protein homodimerization and divergent patterns of B-class gene mRNA in situ expression with respect to eudicots have also been observed [for instance, homodimerization of an AP3 orthologue has been documented in vitro for Lilium regale (Winter et al., 2002) and ubiquitous expression of AP3 paralogues, detected in all floral whorls, has been recorded in several orchid species (Tsai et al., 2004; Pan et al., 2011) ; see Table 1 ]. A recent analysis on B gene evolution in orchids and grasses (Mondragón-Palomino et al., 2009) , has evaluated the role of purifying and positive selection on B orthologues present in orchids (with four lineage-specific DEF-like clades and one GLO-like clade, When ABC becomes ACB | 2389 except for one subfamily with two GLO-like genes) and grasses (one or two DEF-like clades, with one or two GLO-like clades). The main findings of this study were that strong purifying selection could have led to differential neofuncionalization of each of the DEF-like genes in orchids, which could impact the trans-regulatory interactions of these genes and their proteins, rendering not only novel expression patterns but also protein interactions that could underlie the singular perianth organs in these plants. Furthermore, the particular combinatory qualities of each DEF-like gene with its paralogues (favoured by specific deletions that were also documented in the C-domain of some of the DEF-like genes) and other MADS-box genes could have enabled a 'modularization' of the perianth, facilitating the independent evolution of each perianth whorl, in clear contrast with other petaloid monocots with single DEF and GLO-like genes (Mondragón-Palomino and Theißen. 2009; Mondragón-Palomino et al., 2009) .
In the case of the grasses (Poales) positive selection in residues within the K domain were in accordance with the general findings of Hernández-Hernández et al. (2007) . Recent molecular data in the Zingiberales, where up to four PI-like genes exist in certain families, supports the modularization hypothesis postulated by Mondragó n-Palomino and colleagues for the orchids (Bartlett and Specht, 2010) , although in all cases, protein-protein interactions and functional experiments will be necessary to compare such an hypothesis with empirical data. Molecular evolution analyses of the B and C genes including those of the Triuridaceae and other Pandanales will probably shed light on the role of the patterns and processes of molecular evolution of key genes in stamen and carpel development on the evolution of the floral structures in Triuridaceae.
Transcriptome analysis of Lacandonia schismatica flowers
Massive transcriptome data as a means to improve our capacity to answer evolutionary questions
The availability of ubiquitous transcriptome (cDNA) data through massive sequencing technologies will accelerate the rate at which novel relevant genes involved in the developmental processes under analysis can be experimentally isolated. With such data at hand, the inference of GRNs involved in the stable genetic configurations underlying floral organ formation in non-model species such as L. schismatica and others will be amenable to analyses that have been undertaken for Arabidopsis (see for instance: Espinosa-Soto et al., 2004; Á lvarez-Buylla et al., 2010c) . Also, comparative transcriptome-profiling between closely related and distant species in order to assess gene expression under particular developmental stages, stress conditions, etc, can potentially surpass the inference power of microarray experiments, while evolutionary studies such as the inference of whole genome duplications through the investigation of substitution rates among paralogues (K s rates; Lynch and Connery, 2000) and the reconstruction of ancestral gene order among members of one or several angiosperm lineages, are already being used as a means to investigate genomic stabilization processes among taxa derived from whole genome duplications (Sankoff et al., 2009). Transcriptome data for L. schismatica and T. brevistylis: prospects and future plans
In the particular case of L. schismatica and T. brevistylis, a collaborative effort with the Monocot Tree of Life initiative has been established that has enabled us to sequence the transcriptomes of L. schismatica and the two morphs (male and female) of T. brevistylis. The Illumina-Solexa sequencing technology has been used and, after a de novo assembly process and curation of the data, it was possible to obtain good-sized contigs for all taxa (N 50 ¼1632 bp for L. schismatica; N 50 ¼1143 bp for male inflorescences of T. brevistylis; N 50 ¼1410 bp for female inflorescences, based on the K31; Cappello et al., unpublished results). This transcriptome data will be used for molecular evolution analyses aimed at detecting gene orthologues, as well as putative paralogues of different MADS-box genes, and hence enable phylogenetic analyses of MADS-box genes and site-specific/lineage-specific hypothesis-testing for the role of Darwinian selection at particular amino acids (Á lvarez-Buylla et al., 2000; Á lvarez-Buylla, 2003, Hernández-Hernández et al., 2007; Bartlett and Specht, 2010, 2011) .
Furthermore, using the transcriptome data of L. schismatica and its sister taxon, T. brevistylis, there is an aim to recover all the genes that have been shown to constitute a GRN module sufficient to determine floral organ primordial cell specification in Arabidopsis (Espinosa- Soto et al., 2004) and to compare expression patterns to identify genes that have expression differences between the two species. Such in silico approaches, combined with quantitative PCR assays and other experimental assays, will be instrumental in addressing several of the functional and evolutionary questions that have been presented in this review and which have emerged during the course of our research with L. schismatica and T. brevistylis. For instance, the transcriptome data has yielded a single AP3 gene for L. schismatica (the same as the one previously cloned experimentally in our laboratory), while T. brevistylis seems to have two AP3 genes (Cappello et al., unpublished results). The implications of such duplication events or the possible loss of one paralogue in L. schismatica, could well be fundamental events to better understand flower structure evolution in the Triuridaceae.
The dynamics of the gene regulatory network of Lacandonia schismatica flower development
Investigating the Epigenetic Landscape in L. schismatica
The L. schismatica unique floral phenotype constitutes a wonderful natural system to both validate and challenge, as well as to develop further the models for GRN that our group has proposed to explain the stable genetic configuration underlying cell differentiation and morphogenesis in Arabidopsis flowers (Espinosa-Soto et al., 2004; Barrios et al., 2010) . Crucial aspects of how genes are mapped to phenotypes depend upon the topological and dynamical characteristics of a GRN, but recovering the spatial realizations of the steady-states of such networks that characterize the gene configurations of different cell types have been poorly explored. A general approach to study the relationship between morphogenetic events and GRNs would imply deriving and quantifying what CH Waddington (1957) called the Epigenetic Landscape (EL). This conceptual approach is a useful tool for generating a theoretical framework to explicitly and generally recover the spatial and temporal constraints imposed during morphogenesis. Among such constraints those imposed by the complex gene interactions that regulate cell differentiation and patterning are particularly important. Epigenetic Landscapes were initially presented by Waddington as an image of morphogenesis in which a developmental process is represented by a ball rolling down along a landscape with peaks and valleys. In the EL that emerges from a GRN, the steadystate multigenic profiles are found at the bottom of the basins, referred to as attractors. These profiles characterize each cell type or cellular condition, with as many dimensions in the landscape as the number of genes in the underlying GRN. Only recently, have data accumulated in order to enable formal and quantitative derivations of ELs from experimentally grounded gene regulatory networks (GRN). With the help of data retrieved from the whole transcriptome sequencing effort described above, information regarding the expression of the genes involved in the GNR of Arabidopsis in L. schismatica are starting to be generated.
Conclusions
L. schismatica constitutes an important model system in plant developmental genetics and evolution to address the proximal (molecular genetic) and ultimate (evolutionary) causes underlying the emergence of innovations or unique phenotypes. In the case of the homeotic L. schismatica floral structure, it has been shown that a relatively simple and small molecular change underlies its unique phenotype: a shift of the spatio-temporal pattern of mRNA expression of one of the B genes (LsAP3) to the centre of the floral meristem from the early stages of development. This particular shift has not been documented in any other angiosperm, and it remains to be investigated what cis and trans regulatory mechanisms govern the displacement of LsAP3. Furthermore, ongoing transcriptomic studies in L. schismatica and T. brevistylis hint at the possibility that duplications of the B genes in the latter may be involved in subfunctionalization or neofunctionalization events that will continue to help in elucidating the functional role of the B proteins and their residues during flower development of this lineage. Future molecular research should also assess further the role of protein-protein interactions among B-class members, their mobility among cells or modes of B-gene postranscriptional regulation in monocot flower development.
L. schismatica also provides a unique system to investigate the processes through which a rare and large morphological change can be fixed in a natural population, as well as the ultimate causes explaining why the unique floral structure of L. schismatica has only emerged in the Triuridaceae lineage and which evolutionary events might have been involved in such a rare case. One possible scenario could involve a synergistic interplay between floral organ reduction due to the mycoheterotrophic habit of this family and the presence of autogamous reproduction in several triurid species (such as the observed cleistogamy, cryptic cleistogamy, and potential self-fertilization in L. schismatica, T. brevistylis, and monoic genera such as Sciaphila and Soridium, respectively; Rubsamen, 1986, Martínez and Gó mez, 1994) . These phenomena could have allowed for a larger flexibility in the number and position of sexual organs, increasing a predisposition to homeosis. Evolutionary analyses addressing the emergence of L. schismatica's unique floral plan should include phylogenetic and comparative morphological analyses of the Triuridaceae within Pandanales. Insights from these investigations will enable testing alternative hypotheses and most parsimonious scenarios of trait transitions in the evolutionary history of L. schismatica.
A more complete picture to the evolutionary emergence of the singular floral structure of L. schismatica, that will link the molecular proximal mechanisms to the ultimate evolutionary explanations, will rely, however, on integrative and formal approaches to postulate GRN and multicellular/ multilevel dynamic and epigenetic landscape models (Alvarez-Buylla et al., 2010a). For example, it will be fundamental to understand the mechanisms governing the de-coupling between the spatial and temporal inception of floral organs in L. schismatica, where the ontogeny of floral organs (perianth, stamens, carpels) is clearly independent from the spatial disposition of such organs (perianth, carpels, stamens), effectively rendering the unique ACB floral plan of this species. from 'Programa de Apoyo a Proyectos de Investigació n e Innovación Tecnoló gica', Universidad Nacional Autónoma de México (UNAM; IN204011-3, IN229009-3, IA201211,  and IN226510- 
